In this issue of Neuron, Voglmaier et al. provide new evidence that the retrieval of synaptic vesicle transporters after exocytosis proceeds along at least two different endocytic pathways. This work provides new insight into the mechanisms of sorting synaptic vesicle cargo at the cell surface.
Rustling Synaptic Vesicle Cargo after Exocytosis
In this issue of Neuron, Voglmaier et al. provide new evidence that the retrieval of synaptic vesicle transporters after exocytosis proceeds along at least two different endocytic pathways. This work provides new insight into the mechanisms of sorting synaptic vesicle cargo at the cell surface.
The most abundant excitatory neurotransmitter in the central nervous system is glutamate, which is packaged into synaptic vesicles via a family of vesicular glutamate transporters (VGLUTs). Three highly homologous VGLUT genes in the mammalian CNS have been identified, each with very similar biochemical transport properties. Although the similarity in these proteins suggests redundancy in function, the intriguing spatial distribution of these transporters may indicate unique roles for each transporter. Several groups have demonstrated that VGLUT1 and -2 show nonoverlapping, complementary expression in the adult mouse brain (reviewed in Takamori, 2006) . Previous work by the research groups of Robert Edwards and Roger Nicoll shed light on the unique roles of VGLUTs by demonstrating that during development different isoforms of VGLUTs may be expressed within an individual cell, sorted into separate vesicle populations, and released under different phases of exocytosis (Fremeau et al., 2004) . Voglmaier et al. (2006) (this issue of Neuron) continue to explore the functional differences between different VGLUT isoforms. The authors, along with two other groups (De Gois et al., 2006; Vinatier et al., 2006) , identified an interaction between endophilin and a polyproline (PP)-rich sequence at the C terminus of VGLUT1. Endophilin is known to be involved in synaptic vesicle recycling from the plasma membrane (Guichet et al., 2002) . To examine the influence that endophilin has on VGLUT1 endocytosis, Voglmaier et al. fused the pH-sensitive form of GFP, pHluorin, to the lumenal region of VGLUT1 and expressed it in hippocampal cultures. Since the lumen of the synaptic vesicle is acidic and pHluorin is essentially nonfluorescent at low pH, the pHluorintagged constructs brighten upon exocytosis and dim after endocytosis when the vesicle reacidifies (Miesenbock et al., 1998) . VGLUT-pHluorin and DPP VGLUT1-pHluorin (without the PP sequence that binds endophilin) show similar levels of exo-and endocytosis at low frequency and relatively short duration stimulations. However, when stimulated at higher frequencies and for longer durations, more of the DPP VGLUT1 mutant becomes stranded on the cell surface than wild-type VGLUT1. At the cessation of stimulation, endocytosis of both constructs proceeds rapidly at similar rates. Using pharmacological tools to rule out effects on exocytosis and/or vesicle acidification, the authors demonstrated that the differences in fluorescent signal observed with the various VGLUT1 constructs were due to alterations in endocytosis. Moreover, by removing the domains of endophilin and VGLUT1 that interact with each other and replacing them with exogenous interacting domains, the authors were able to reconstitute wild-type rates of endocytosis during prolonged stimulation. Taken together these results strongly suggest that the interaction between endophilin and VGLUT1 is important for the retrieval of vesicular proteins (at least a subset), but only during prolonged highfrequency trains of action potentials, and that the endophilin-VGLUT1 interaction is not crucial for poststimulus retrieval.
Although not a major point in the paper, the authors also show that VGLUT1-pHluorin's fluorescent signal decayed faster than the widely used SV snare VAMPpHluorin. If the reported difference in decay rates following exocytosis reflects endocytosis (rather than lateral diffusion of the protein or some other factor), then this result suggests distinct routes of internalization for the different proteins. Since VAMP and VGLUT1 are eventually repackaged at the correct stoichiometry into new SVs, but internalized via different routes, cargo mixing and sorting must occur at later steps.
All three VGLUT isoforms share a common sorting signal that is also found on other vesicular transporters (VMAT and VAchT). Previous biochemical and cell biology studies have shown that vesicular transporters have a dileucine sequence preceded by a cluster of acidic residues (for review see Liu et al., 1999) that is recognized by the membrane coat proteins known as heterotetrameric adaptor proteins (APs), and this interaction is important for the proper sorting of transporters. The AP family has four members (AP1-4) (for review see Robinson, 2004) , and AP2 is well known to be a key component of the clathrin-dependent endocytic pathway (for review see Murthy and De Camilli, 2003) . AP3 is also thought to mediate sorting of SV cargo, and it is considered to form SVs from recycling endosomes (Faundez et al., 1998) . Voglmaier et al. found that all VGLUT isoforms have a pair of hydrophobic residues (FV) that may function as a dileucine sorting signal. To test the function that this sorting signal has on endocytosis, the dileucine sequence was removed. VGLUT1-DFV becomes stranded on the cell surface with either short or long trains of stimuli. The double DPP and DFV mutant does not appear different from the DFV mutant, suggesting that the AP interaction may be upstream of the endophilin interaction. Since AP2 is known to be involved in endocytosis, one may assume the slower endocytic rates reported in the DFV mutant reflects ablation of the AP2 endocytic pathway. However, AP3 is also known to bind to the same dileucine-like signal (for review see Bonifacino and Traub, 2003) , making it possible that VGLUT's loss of the AP3 interaction may underlie impairment in endocytosis observed with the DFV mutant.
The classic method for differentiating AP2 from other heterotetrameric APs is to apply brefeldin A (BfA). BfA prevents the recruitment of AP1 and -3 to donor membrane compartments, which eliminates their participation in vesicle formation (Nie et al., 2003) . In nerve terminals, AP3 is considered the principle AP in SV formation from endosomes, but there is still much we do not know about its role here. AP1 is not known to be directly involved in SV formation (Robinson, 2004) . The researchers show that BfA-treated cells expressing VGLUT1-pHluorin exhibit normal endocytosis during the period of long-duration stimulation, but the poststimulus phase is marked by a drastic reduction in the rate VGLUT1 uptake. Hence, BfA is similar to the DFV mutant with regard to the poststimulus phase, which implicates AP3 in SV cargo endocytosis.
Does endophilin mediate a rivalry between APs? Next the authors show that loss of VGLUT1's interaction with endophilin, by expressing the DPP VGLUT1 mutant, and treating cells with BfA, the rate of VGLUT-1 DPP endocytosis during stimulation is very similar to wild-type VGLUT1 levels; however, poststimulus endocytosis remains impaired, arguing that the BfA-sensitive pathway is a separate process. This finding suggests that AP2 and endophilin provide a rapid route for retrieval during the period of stimulation, but when the endophilin interaction is absent, AP2 and AP3 pathways compete for cargo during the stimulation.
Recognizing that BfA alters the functional state of other proteins, like CtBP-BARS, a protein implicated in vesicle formation at the Golgi and present in presynaptic terminals (tom Dieck et al., 2005) , the researchers went one step further to strengthen the involvement of AP3 in synaptic function. They compared CA1 field EPSPs measured from wild-type, wild-type + BfA, and AP-3 null mutant mice (referred to as the mocha mouse; Kantheti et al., 1998) . Indeed, at higher frequencies and prolonged stimulations the fEPSPs were very similar for wild-type + BfA and mocha slices, which showed a facilitation in release early-on and a lesser depression over time relative to wild-type recordings. The similar effects of BfA and deletion of AP3 strengthens the claim that loss of AP3 underlies a BfA-sensitive pathway; however, further work is needed to definitively prove this link and how the impairment of the slower endocytic pathway leads to the reported differences in exocytosis.
In summary, this study provides intriguing evidence in favor of the hypothesis that VGLUT isoforms are sorted through different pathways. Under conditions of prolonged stimulation, a greater fraction of VGLUT1 is likely to be rapidly retrieved during the period of stimulation, and VGLUT2 and -3, which lack an interaction with endophilin, may be targeted to a slower AP3-dependent recycling pathway. Previous investigations have found that only select synapses appear to be impaired by the loss of AP3 (Kantheti et al., 1998) . Since different sorting signals are used by the family of VGLUTs, the pattern of VGLUT expression and their potential for interactions with sorting proteins will have to be taken into account when either the VGLUTs or the sorting proteins are deleted. Finally, the possibility that AP3 interacts with cargo on the plasma membrane is provocative and likely to fuel much interest and further experiments. Takamori, S. (2006 
A New Locus for Synaptic Plasticity in Cerebellar Circuits
Experimental and computational analyses of cerebellar function indicate that excitatory synapses onto deep nucleus neurons are likely to be a critical site of plasticity during motor learning. In this issue of Neuron, Pugh and Raman report that unconventional stimulus protocols can drive synaptic plasticity in the deep cerebellar nuclei.
What are the cellular mechanisms of learning? Despite decades of intense focus on hippocampal synaptic plasticity and spatial learning, the links between long term synaptic potentiation and depression (LTP and LTD, respectively) and learning remain elusive, predominantly because the consequences of hippocampal neuronal firing for specific behaviors are not known. In contrast, a wealth of information about the role of cerebellar activity in motor control and motor learning make cerebellar circuits attractive sites for analyzing how cellular mechanisms of plasticity act within well-defined neural networks to mediate behavioral learning and memory storage.
Until recently, efforts to pin down the engram, or site of memory storage, in cerebellar circuits have focused primarily on plasticity at the synapse between parallel fibers and Purkinje cells. While cerebellar LTD does seem critical for short-term learning, recent evidence indicates that motor memories can be formed even in mice with impaired or absent parallel fiber LTD (De Zeeuw and Yeo, 2005) . Furthermore, inactivation of cerebellar cortex in animals that have undergone long-term training does not prevent expression of motor memories (Kassardjian et al., 2005; Shutoh et al., 2006) . Available evidence indicates that sites downstream of Purkinje cells must contribute to memory storage (du Lac, 1995; Medina et al., 2000) .
Purkinje cells influence behaviors exclusively via inhibitory synapses onto neurons in the deep cerebellar and vestibular nuclei (Figure 1 ). Within the deep nuclei, large excitatory neurons project to a variety of premotor structures while intermingled inhibitory neurons provide local inhibition and a major feedback projection to the inferior olive. Deep nucleus neurons receive excitatory drive from collaterals of pontine mossy fiber axons that continue to the cerebellar cortex and synapse onto granule cells, whose parallel fiber axons in turn provide a major excitatory input to Purkinje cells. (A sparse set of excitatory inputs to the deep nuclei from climbing fiber collaterals is not shown.) Until now, the known forms of plasticity in the deep nuclei were limited to inhibitory synaptic plasticity at the Purkinje cell to deep nucleus synapse and intrinsic excitability changes in deep nucleus neurons (Aizenman et al., 2000) . Despite efforts by several groups, no one had reported plasticity at the remaining major input, the mossy fiber synapse (although LTP and LTD of the homologous synapse in the vestibular nucleus has been reported [Grassi and Pettorossi, 2001] ). In a groundbreaking paper in this issue of Neuron, Pugh and Raman (2006) demonstrate induction of LTP of excitatory inputs to the deep nuclei, while Zhang and Linden (2006) , in a complementary study in the Journal of Neuroscience, report induction of LTD at the same synapse.
Conventional LTP induction methods developed for the hippocampus are ineffective in deep cerebellar nucleus neurons, which fire tonically at high rates that are modulated by increases and decreases in Purkinje cell inhibition. Pugh and Raman were able to design an effective method of inducing plasticity by simulating activity patterns that are likely to occur in vivo during a well-studied form of associative learning, classical conditioning of the eyeblink response (Medina et al., 2000) . During classical eyeblink conditioning, cerebellar mossy fibers are activated by the conditioned stimulus, usually a tone, and in turn increase activity in Purkinje cells (which fire tonically at high rates), with the result that deep nucleus neurons receive nearly simultaneous excitation and inhibition. Powerful Purkinje cell synapses, many of which target the soma and axon initial segment, would be predicted to dominate this interaction (Medina et al., 2000; Telgkamp et al., 2004) . However, the arrival of the unconditioned stimulus, an air puff, produces an increase in climbing fiber activity with a resulting brief burst in Purkinje cells, followed by relative quiescence, a condition that promotes postinhibitory rebound firing in deep nucleus neurons. Pugh and Raman sought to mimic these conditions by pairing synaptic stimulation of mossy fibers with hyperpolarization of the postsynaptic deep nuclear neuron, such as would occur during Purkinje cell inhibition. Through an elegant set of experiments exploring the parameter space of plasticity induction, Pugh and Raman demonstrate that synaptic activity must precede postinhibitory rebound currents to produce LTP.
Two features of this induction protocol are salient and unusual. First, bath application of the NMDA receptor antagonist CPP prevents LTP, despite the fact that the pairing of synaptic stimulation with postsynaptic hyperpolarization would normally not be expected to yield significant postsynaptic NMDA receptor activation because of the failure to relieve a voltage-dependent Mg 2+ block. However, Pugh and Raman demonstrate that NMDA receptors at this synapse can pass significant amounts of current at hyperpolarized potentialsin fact, 20% of the EPSC amplitude at 265 mV is due to current through the NMDA receptor, while as much as 50% of the EPSC is due to NMDA receptors by the end of stimuli trains such as those used to induce plasticity in their protocol. These data suggest that the NR2D subunit, which confers much weaker Mg 2+ block than the more common NR2A or NR2B subunits, is a major component of NMDA receptors at this synapse, consistent with previous reports (Anchisi et al., 2001 ).
